The rate of degradation of cell proteins in Escherichia coli was studied under various conditions that affect levels of charged tRNA. Protein breakdown increased markedly when the synthesis of valyl-tRNA was prevented in strains containing temperature-sensitive valyl-tRNA synthetase or when the formation of Nformylmethionyl-tRNA was inhibited with trimethoprim. Conversely, protein breakdown decreased in a valine auxotroph-administered valine or an analog capable of attachment to the valyl-tRNA. It Several observations suggested to us that control of protein breakdown might be coupled to the regulation of net RNA synthesis. Conditions that increase protein breakdown in bacteria (1-4), such as starvation or "step-down", are also those that drastically reduce net RNA synthesis (5), while conditions that maximize synthesis of ribosomal and transfer RNA (3) (e.g., exponential growth) appear to reduce protein breakdown to minimal levels (1-3). While this work was in progress, these correlations were also pointed out by Sussman and Gilvarg (6). Similar relationships between the rates of RNA synthesis and protein breakdown occur in mammalian skeletal muscle, in which rapid growth involves both increased RNA synthesis and decreased protein breakdown, while atrophy involves both decreased RNA synthesis and an increased rate of protein degradation (7).
When exponentially growing bacteria are deprived of nitrogen, a carbon source, or a required amino acid, the rate of catabolism of cellular protein increases severalfold (1) . This response appears to be an important adaptive mechanism for the cell. When the supply of nutrients in the medium is reduced, protein degradation can provide a source of energy or essential amino acids for the synthesis of enzymes appropriate to the new conditions (1, 2) .
Several observations suggested to us that control of protein breakdown might be coupled to the regulation of net RNA synthesis. Conditions that increase protein breakdown in bacteria (1-4), such as starvation or "step-down", are also those that drastically reduce net RNA synthesis (5) , while conditions that maximize synthesis of ribosomal and transfer RNA (3) (e.g., exponential growth) appear to reduce protein breakdown to minimal levels (1) (2) (3) . While this work was in progress, these correlations were also pointed out by Sussman and Gilvarg (6) . Similar relationships between the rates of RNA synthesis and protein breakdown occur in mammalian skeletal muscle, in which rapid growth involves both increased RNA synthesis and decreased protein breakdown, while atrophy involves both decreased RNA synthesis and an increased rate of protein degradation (7) .
Since the levels of aminoacyl-tRNA play a crucial role in regulating the synthesis of ribosomal RNA in bacteria (8) (9) (10) , we have tested the possibility that they also determine rates of protein breakdown (4) . These 
MATERIALS AND METHODS
The following strains of Escherichia coli were used in these experiments: 1-9, which containsa temperature-sensitive valyltRNA synthetase, was originally isolated by F. C. Neidhardt. 1OB6, an arginine auxotroph, which also contains a temperature-sensitive valyl-tRNA synthetase, was isolated by Dr. S. Kaplan 
RESULTS

Requirements for charged tRNA
The increased protein breakdown that occurs during starvation for nitrogen or for a required amino acid could result from a decrease in the intracellular pools of the amino acids or from a reduction in the supply of aminoacyl-tRNA. To decide between these alternatives, protein breakdown was studied in strain 1-9, where valyl-tRNA synthetase is temperature-sensitive (8, 14) . As shown in Fig. 1 strains without a temperature-sensitive synthetase, leucine was released from proteins only 2-3 times faster at 42°C than at 300C, in accord with previous measurements (17) .
Effect of valine analogs
These results demonstrated increased breakdown in the absence of a functioning valyl-tRNA synthetase. They do not indicate, however, whether the crucial step regulating the degradative process is the formation of the aminoacylsynthetase complex, the amino acid adenylate-synthetase complex, or the aminoacyl-tRNA. To distinguish between these possibilities, we have employed the valine analogs D-aaminobutyric acid and DL-threo-ca-amino-p-chlorobutyric acid. While both of these compounds are activated by E. coli valyl-tRNA synthetase (18), Freundlich (19) has shown that only the chlorobutyrate is also transferred to valine-specific transfer RNA. As shown in Fig. 2 changes in the cellular level of charged tRNA. In cells growing on a complete medium, protein degradation was found to increase markedly when the formation of valyl-tRNA ( Fig. 1 ) was blocked in strains containing a temperature-sensitive valyl-tRNA synthetase. Treatment of growing cells with trimethoprim, which blocks the conversion of methionyltRNA to N-formylmethionyl-tRNA, also promoted protein breakdown (Fig. 3) . Moreover, in auxotrophs deprived of valine, rates of degradation decreased (Fig. 2) upon administration not only of valine but also of chlorobutyrate, a valine analog that is capable of attachment to valyl-tRNA but does not permit growth. Finally, treatment of starving cells with chloramphenicol appears to reduce degradation toward levels seen during growth by permitting the accumulation of charged tRNA. These studies, however, cannot distinguish whether the increased catabolism is a direct effect of the altered levels of aminoacyl-tRNA, or whether it is an indirect effect mediated by some metabolite whose formation requires a full complement of charged tRNAs. This latter possibility indeed appears most likely, since it would explain why starvation for any of several amino acids can promote catabolism, and why inhibition of valyl-tRNA synthetase and inhibition of the formylation of methionyl-tRNA yields similar results. Since the only common site at which the various species of charged tRNA interact is the ribosome, it appears likely that some aspect of ribosomal function is involved in the regulation of protein breakdown. To explain the present findings, the critical step in protein synthesis would have to occur after the binding of the aminoacyl-tRNA but prior to the peptidyl transferase reaction, which is blocked by CAP.
The present results emphasize the similarity between the physiological regulation of protein breakdown and of net RNA (predominantly ribosomal RNA) synthesis. This latter process also appears to be regulated by the levels of charged tRNA (8) (9) (10) , although the exact mechanisms of this control are unclear. Recently guanosine-tetraphosphate has been found to accumulate in cells deprived of aminoacyl-tRNA and may be implicated in the control of ribosome synthesis (25) ; similar mechanisms may well be involved in the regulation of protein breakdown.
The various conditions found here to promote protein breakdown have all been previously reported to block ribosome synthesis. For example, transfer of strains 1-9 (8) or 1OB6 (16) to the nonpermissive temperature and the administration of trimethoprim (21) markedly reduce net RNA synthesis. These earlier observations have been confirmed in this laboratory under the present conditions (Goldberg, unpublished) . Furthermore, the various conditions that were found here to inhibit degradation have been reported to permit RNA synthesis in E. coli starved for required amino acids. Thus, administration of chlorobutyrate to an auxotroph deprived of valine (9), or treatment with chloramphenicol (5) under conditions which permit accumulation of charged tRNA (14, 16) , lead to net RNA build-up in the absence of growth. Finally, in related studies, I have found that "step-up" and "step-down" conditions lead to simultaneous but opposite changes in rates of protein catabolism and RNA synthesis.
Similarities between the control of ribosomal RNA synthesis and protein breakdown have also been pointed out by Sussman and Gilvarg (6) . These workers observed that in two "relaxed" (rel-) mutants (5) of E. coli, nitrogen starvation Proc. Nat. Acad. Sci. USA not only failed to block ribosomal RNA synthesis but also did not augment protein degradation as markedly as in controls (rel+). We have made similar observations, but have found certain rel-strains that increase breakdown in a normal fashion upon amino acid starvation (Goldberg, unpublished observations) . Although the correlation is thus not perfect, it is extensive enough to suggest that the systems regulating protein degradation and net RNA synthesis share common elements.
Coordinate control of these two processes would appear of selective advantage to the cell, because of their complementary physiological effects. Thus, maximal ribosome and tRNA synthesisand minimal proteolysis both serve to promote growth in rich medium, while reduced RNA synthesis and enhanced protein breakdown would act synergistically to augment intracellular pools of amino acids, nitrogenous bases, and other intermediary metabolites during "hard times". Analogous changes also occur in mammalian skeletal muscle and kidney, where the rates of net RNA and protein synthesis and of protein breakdown also appear to vary in a complementary manner during rapid hypertrophy and atrophy (7) .
The present experiments also indicate similarities between the control of protein breakdown and of the biosynthesis of enzymes for amino acid synthesis. Derepression of the biosynthetic pathways for several amino acids (12, 19, 26) have been shown to be regulated by the levels of corresponding charged tRNAs. The conditions that promote protein catabolism in Figs. 1 and 2 also derepress the enzymes for valine and isoleucine biosynthesis (14, 19) . Protein catabolism and synthesis of the biosynthetic enzymes also have complementary physiological roles, since both processes serve to augment the supply of amino acids in poor media.
These experiments also demonstrate that protein synthesis is not essential for protein breakdown. In fact, maximal degradation was observed under conditions that prevented further protein synthesis (Figs. 1-3) . However, inhibition of synthesis with CAP was found to reduce breakdown in cells starved for nitrogen, an amino acid, or a carbon source, as reported previously (3, 4, 6, 22) . CAP blocks the transfer of amino acids from charged tRNA to the growing polypeptide chain. Thus, on one hand, protein breakdown increased when formation of aminoacyl-tRNA was prevented; on the other hand, it decreased when unloading of the charged tRNA was prevented. These studies suggest that chloramphenicol reduces protein breakdown toward levels found in growing cells by causing the build-up of charged tRNA in the starved cells (24) . This conclusion is supported by the finding that the effect of CAP was not observed when accumulation of valyl-tRNA could not occur (Fig. 4) . It is of interest that administration of CAP to growing cultures of E. coli does not reduce protein breakdown further (Goldberg, in preparation) . Presumably, under these conditions, in contrast to conditions of starvation, aminoacyltRNAs are not limiting.
Since breakdown in starved bacteria is inhibited by CAP, proflavine (4) , and rifampicin (6), it has been suggested (4, 6) that this process involves the de novo synthesis of proteolytic enzymes. However, the present findings (Figs. 1-3 ) make it likely that the degradative enzymes active during starvation also exist in exponentially growing cells and that these proteases do not themselves turn over during starvation. This conclusion is in accord with recent experiments (3, 27) demonas was also observed in the present studies (see controls in Figs. 1-3) . Presumably, the supply of charged tRNA influences either the activity of preexisting proteases or the sensitivity of certain cell proteins to these enzymes.
The demonstration of an influence of aminoacyl-tRNA on breakdown may also explain other observations on the effects of inhibitors of RNA and protein synthesis on protein degradation. For example, inhibitors of messenger-RNA synthesis reduce protein breakdown in bacteria (4, 6, 28) as well as in liver (23) and hepatoma cells (29) . Such agents should cause the accumulation of charged tRNA in a similar fashion to CAP and therefore would also be expected to decrease protein breakdown (Goldberg, in preparation) .
Finally, although the results presented here can explain the effects of inhibitors of protein and RNA synthesis, they cannot account for the observation that inhibitors of energy metabolism block catabolism (1, 4, 22, 28, 30, 31) . In related studies, we have confirmed such observations and have found that low concentrations of dinitrophenyl or carbonyl cyanide block degradation under every condition studied here. These findings, however, may still reflect some secondary effect of energy metabolism (31) , rather than a direct involvement of an energy source in the proteolytic process. 
